Bioelectrochemical (À0.8 V, À0.3 V, and þ0.6 V vs. Ag/AgCl) and non-bioelectrochemical co-cultures of a hydrogenotrophic methanogen and a cellulolytic bacterium were conducted. Unlike non-bioelectrochemical co-cultures, a cathodic reaction (À0.8 V) increased the growth of the hydrogenotrophic methanogen and the cellulolytic bacterium, by 6.0-and 2.2-fold respectively, and increased cellulose degradation. In contrast, anodic reactions (À0.3 V, þ0.6 V) influenced them negatively.
Bioelectrochemical systems (BESs) attract attention because they affect microbial metabolism. 1) For example, a cathodic reaction in a BES increased glutamate production with an artificial electron mediator, neutral red, 2) and butanol production with methyl viologen. 3) Recently, a BES was used in methane fermentation from complex organic materials with anthraquinone-2,6-disulfonate (AQDS), and a cathodic reaction (À0.8 V and À0.6 V vs. Ag/AgCl) effectively prevented the accumulation of volatile fatty acids and increased CH 4 production at a high organic loading rate. 4, 5) Methane fermentation involves complex microbial communities such as hydrolytic bacteria, acidogenic bacteria, and methanogenic archaea. 6) This complexity makes it difficult to investigate the factors influencing methanogenesis under electrochemical regulation. Hence, to investigate the effect of the electrochemical reaction on methane fermentation, we found it necessary to use a simple microbial community. Previously, a syntrophic culture of a proteolytic bacterium and a hydrogenotrophic methanogen was subjected to a BES with a cathodic reaction (À0.8 V vs. Ag/AgCl) and AQDS. 7) It was found that protein degradation increased due to increased growth of the hydrogenotrophic methanogen.
Cellulosic materials are one of the primary components of complex organic materials. 8) We have reported that cellulolytic Clostridium clariflavum strain CL-1 was newly isolated from a methanogenic BES degrading cellulosic material. 9) A combination of cellulolytic bacteria and hydrogen-consuming microorganisms increased the degradation of cellulosic materials and promoted acetate production, 9, 10) but the influence of electrochemical regulation on this syntrophic combination in a methanogenic cellulolytic environment remains unclear.
In this study, we investigated the effects of an electrochemical reaction on a syntrophic culture of an isolated cellulolytic bacterium and a hydrogenotrophic methanogen. Co-cultures of strain CL-1 with a hydrogenotrophic methanogen were examined under several electrochemically regulated conditions, and the results were compared with those of a non-bioelectrochemical co-culture.
Cellulolytic C. clariflavum strain CL-1 was isolated as described previously, 9) and hydrogenotrophic Methanothermobacter thermautotrophicus strain ÁH (JCM10044) was provided by RIKEN BioResource Center through the National Bio-Resource Project of Ministry of Education, Culture, Sports, Science and Technology, Japan. The basal medium used for singleculture of strain CL-1 and the co-culture of strains CL-1 and ÁH contained (per L) 10 g of cut filter paper (type 5A, 20 mm Â 20 mm; Advantec, Tokyo). The components of the basal medium for BES cultivation and the pre-culture media for strains CL-1 and ÁH were described in detail previously.
9) The BES used in this study consisted of three electrodes: working, reference, and air counter, as described previously. 7) The volume of the medium in the BES was 250 mL. The working chamber and the counter electrode were separated by a proton-exchange membrane (Nafion N117; DuPont, Wilmington, DE), and the working, counter, and reference electrodes (Ag/AgCl type, saturated KCl) were connected with a potentiostat (PS-08; Tohogiken, Tokyo). A graphite plate (75 Â 25 Â 2 mm) and a porous graphite plate (75 Â 25 Â 2 mm) were used as working electrode and counter electrode in the BES, respectively. The methods of BES cultivation were described previously. 7) Co-cultures of strains CL-1 and ÁH were incubated in triplicate under bioelectrochemical conditions at 55 C for 60 h. The potentials on the working electrodes were controlled at À0.8 V, À0.3 V, and þ0.6 V (vs. Ag/AgCl). In the bioelectrochemical co-cultures, 0.2 mM AQDS was included to ensure efficient electron transfer. 11) All potentials described in this study were determined with respect to the Ag/AgCl reference electrode. AQDS is reduced or oxidized at a potential of À0.8 V, and AQDS is not re-oxidized or * Present address: Graduate School of Engineering, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo 657-8501, Japan y To whom correspondence should be addressed. Tel: +81-4-7182-1181; Fax: +81-4-7183-3347; E-mail: masahiko@criepi.denken.or.jp
Abbreviations: AQDS, anthraquinone-2,6-disulfonate; BES, bioelectrochemical system; SS, suspended solid; S-TOC, soluble total organic carbon; NAD, nicotinamide adenine dinucleotide Biosci. Biotechnol. Biochem., 77 (5), [1096] [1097] [1098] [1099] 2013 Note re-reduced at a potential of À0.3 V or þ0.6 V. 5) We confirmed that abiotic hydrogen generation by electrolysis of water did not occur in the working chambers controlled at À0.8 V, À0.3 V, and þ0.6 V (vs. Ag/AgCl) (data not shown). In the BES co-cultures, the initial concentrations of strains CL-1 and ÁH were 7:2 Â 10 5 and 2:4 Â 10 5 cellsÁmL À1 respectively (strain CL-1:ÁH ¼ 3:1). In addition, for the control, a medium without microorganisms was prepared. After 60 h of incubation, contamination was checked by microscopic observation. To investigate the insoluble fraction composed of filter paper, the suspension was filtered through glass fiber (0.45 mm), and the residue on the glass fiber was dried at 105 C for 120 min and measured as a suspended solid (SS). The mass of the microbial cells was negligible in the calculation of the SS concentrations. The volume of gas produced in the gas bag was measured by the water displacement method at a constant room temperature (25 C). Measurement of the gas contents, organic acids, ethanol, soluble total organic carbon (S-TOC) contents, and the carbon content of the substrate, and the methods of counting the number of total cells and strain ÁH cells were described previously. 7, 9) Cell numbers for strain CL-1 were calculated by subtracting cell numbers for strain ÁH from the total cell number.
We investigated the effects of electrochemical regulation on cellulolytic co-culture by air-counter method. 7, 12) In non-bioelectrochemical co-culture (non-BES), the oxidation-reduction potential was approximately À0.45 V. Therefore the BESs at À0.8 V and À0.3 V and at þ0.6 V occurred with cathodic and anodic reactions at the working electrodes respectively. In the BESs at À0.8 V, À0.3 V, and þ0.6 V, the observed currents were Àð2:9 AE 1:3Þ Â 10 À2 AÁm À2 (mean AE standard deviation), ð4:1 AE 2:9Þ Â 10 À1 AÁm À2 , and ð3:1 AE 1:2Þ Â 10 À1 AÁm À2 respectively. In the BES at À0.8 V, the maximum amount of CH 4 generated throughout the cultivation period was 56.2 mg-CÁL À1 (Table 1) . If the entire current in the BES at À0.8 V during 60 h of incubation was used to produce CH 4 directly by electrolysis, 13) then the current corresponded to only 0.7 mg-CÁL À1 of CH 4 . Therefore, CH 4 production from the current was negligible in the bioelectrochemical co-culture at À0.8 V.
The SS removal ratio and the carbon distributions in the insoluble, soluble, and gas fractions after 60 h of incubation were calculated ( Table 1 ). The cellulose degradation ratio (the SS removal ratio) suggested that the cathodic BES (À0.8 V) degraded more filter paper than the anodic BESs (À0.3 V and þ0.6 V). The cellulose degradation ratio in the cathodic BES was 1.2-fold higher than that in the non-BES. Correspondingly, the anodic BESs showed lower amounts of S-TOC (soluble carbon) than the cathodic BESs and the non-BES. CH 4 was produced by hydrogenotrophic methanogen strain ÁH. CH 4 and CO 2 production in the cathodic BES was higher than in the non-BES, corresponding to the SS removal ratio results. CH 4 production in the anodic BESs was smaller than for production in the non-BES. In the anodic BES at þ0.6 V, CO 2 production was also smaller. The remaining H 2 in the co-culture must have resulted from continuous production of H 2 by strain CL-1, which exceeded H 2 consumption by M. thermautotrophicus. Thus the cathodic reaction promoted greater removal of cellulose and higher production of CH 4 and CO 2 . Conversely, the anodic reaction inhibited cellulose degradation and the production of soluble carbon and biogases. Carbon recoveries were 92.6-100.6% in all cultures.
To compare the cell densities of strain ÁH and strain CL-1 in the cathodic and anodic BESs and non-BES, microscopic observation was done every 12 h. The time courses of the changes in the cell densities of strain ÁH and strain CL-1 are shown in Fig. 1 . Our results indicate that electrochemical regulation in particular increased the growth of the hydrogenotrophic methanogen in the cathodic BES. After 60 h of incubation, the cell density of strain ÁH in the cathodic BES, ð3:9 AE 0:8Þ Â 10 7 cellsÁmL À1 , was 6.0-fold higher than that in the non-BES, ð6:5 AE 0:8Þ Â 10 6 cellsÁmL À1 (Fig. 1A) . The non-BES included a number of strain ÁH similar to the anodic BES at À0.3 V, ð7:6 AE 0:8Þ Â 10 6 cellsÁmL À1 , but the anodic BES at þ0.6 V had an inhibitory effect on the growth of strain ÁH: ð1:3 AE 1:0Þ Â 10 5 cellsÁmL À1 . A similar tendency was observed for the cell densities of strain CL-1 (Fig. 1B) . The cell density of strain CL-1 in the cathodic BES, ð1:5 AE 0:4Þ Â 10 9 cellsÁmL À1 , was 2.2-fold higher than that in the non-BES, ð6:9 AE 1:0Þ Â 10 8 cellsÁmL À1 . The cell densities of strain CL-1 in the ). The value 0.44 refers to the carbon content of the filter paper used. c Values of soluble carbon were measured as the S-TOC concentration (mg-CÁL À1 ). d The initial volume of CO 2 in the head space was subtracted from the CO 2 volume in the gas bag and the head space. e Values of evolved H 2 (mmolÁL À1 ) were not included in the calculation of carbon recovery. f ND, not detected. g Non-bioelectrochemical co-culture is designated ''Non-BES.'' Ã Values significantly different from the non-bioelectrochemical co-culture (p < 0:05).
non-BES and the anodic BES, À0.3 V; ð7:4 AE 1:1Þ Â 10 8 cellsÁmL À1 , were similar. The anodic BES at þ0.6 V had an inhibitory effect on the growth of CL-1: ð2:0 AE 0:6Þ Â 10 7 cellsÁmL À1 . Our previous study using casein as proteinaceous substrate showed that a cathodic BES (À0.8 V) made a larger contribution to carbon fixation in the hydrogenotrophic methanogen strain ÁH (3.6-fold higher than in a non-BES) than to methanogenesis (1.5-fold higher) in hydrogenotrophic methanogen strain ÁH. 7) In addition, the present study using a cellulosic substrate demonstrated that the cathodic reaction particularly promoted cell density (6.0-fold higher than in non-BES), that is, carbon fixation of a hydrogenotrophic methanogen, rather than CH 4 production (1.9-fold higher than in the non-BES).
The concentrations of organic acids and ethanol in the cathodic and anodic BESs and non-BES are shown in Table 2 . The concentrations of acetate and ethanol in the cathodic BES increased and decreased respectively as compared to those in the anodic BESs and non-BES. These differences are possible if hydrogenase present in H 2 -producing microorganisms catalyzes H 2 production from entities such as reduced NAD at a low H 2 partial pressure, 10) and H 2 scavenging by hydrogenotrophic methanogen can reduce the lactate, propionate, and ethanol production pathways in co-culture environments. 9) High acetate production in the cathodic BES correlates, with the high cell density of strain CL-1, because acetate production is accompanied by ATP generation, which contributes to cell growth.
10) The fermentation pathway was changed by scavenging of H 2 with hydrogenotrophic methanogens. Moreover, the addition of hydrogen-consuming organisms has been reported to accelerate cellulose degradation by cellulolytic fungi and by bacteria. 9, 14) In addition, a BES at À0.8 V reportedly promoted protein degradation in a coculture of a proteolytic bacterium and hydrogenotrophic methanogen by increasing the growth of the hydrogenotrophic methanogen. 7) Single cultures of strain CL-1 in the cathodic BES (À0.8 V) and non-BES indicated that there were no differences in cell densities or cellulose degradation rates (data not shown). Therefore, the cathodic reaction did not have any effects on strain CL-1. Increasing the hydrogenotrophic methanogen by the cathodic reaction increased the cell density of strain CL-1 by scavenging H 2 , and consequently increased cellulose degradation. On the other hand, the anodic reaction negatively influenced cellulolytic co-culture. The remaining soluble carbon (ex. 59.1% at À0.8 V, subtracting carbons of organic acids and ethanol from total soluble carbon) is mono-or polysaccharide derived from cellulose degradation.
This study confirmed that a cathodic reaction in a BES increases the growth of hydrogenotrophic methanogens and increases the resulting cellulose degradation in co-culture with cellulolytic bacteria. The metabolism of hydrogenotrophic methanogens in a cathodic reaction is interesting and calls for further investigation. 
